Abstract. The Global Positioning System/Meteorology (GPS/MET) Program was established in 1993 by the University Corporation for Atmospheric Research (UCAR) to demonstrate active limb sounding of the Earth's atmosphere using the radio occultation technique. The demonstration system observes occulted GPS satellite signals received by a low Earth orbiting (LEO) satellite, MicroLab-1, launched April 3, 1995. The system can profile ionospheric electron density and neutral atmospheric properties. Neutral atmospheric refractivity, density, pressure, and temperature are derived at altitudes where the amount of water vapor is low. At lower altitudes, vertical profiles of density, pressure, and water vapor pressure can be derived from the GPS/MET refractivity profiles if temperature data from an independent source are available. This paper describes the GPS/MET data analysis procedures and validates GPS/MET data with statistics and illustrative case studies. We compare more than 1200 GPS/MET neutral atmosphere soundings to correlative data from operational global weather analyses, radiosondes, and the GOES, TOVS, UARS/MLS and HALOE orbiting atmospheric sensors. Even though many GPS/MET soundings currently fail to penetrate the lowest 5 km of the troposphere in the presence of significant water vapor, our results demonstrate iøC mean temperature agreement with the best correlative data sets between 1 and 40 km. This and the fact that GPS/MET observations are all-weather and self-calibrating suggests that radio occultation technology has the potential to make a strong contribution to a global observing system supporting weather prediction and weather and climate research.
Introduction
Radio occultation is a technique for sounding the structure of planetary atmospheres that was pioneered by groups at the Jet Propulsion Laboratory (JPL) and Stanford University over 30 years ago [Fjeldbo et al., 1971] . The Global Positioning System/Meteorology (GPS/MET) experiment uses radio occultation observations of GPS satellites to obtain vertical profiles of electron density in the ionosphere; refractivity, density, pressure, and temperature in the stratosphere and upper troposphere; and refractivity, density, pressure and water vapor pressure in the lower troposphere. Although the sampling rate corresponds to several tens of meters, the current instrument's vertical resolution is limited by several factors: system measurement noise, diffraction, and horizontal atmospheric inhomogeneity. The last two factors are dominant and limit the vertical resolution to approximately 1.5 km in the stratosphere to 0.1-0.5 km in the lower troposphere [Melbourne et al., 1994] .
The horizontal resolution is about 300 km along the GPS ray path and about 1.5 km perpendicular to the path. The predicted maximum accuracy of a GPS radio occultation system is IøC or better for a height range of 5 to 40 km [Melbourne et al., 1994; Gorbunov and Sokolovskiy, 1993] . Earlier studies have shown that GPS/MET comes close to performing as well as this prediction. Comparisons of 11 representative temperature profiles derived from GPS/MET data with nearby radiosonde and global analyses of temperatures are described by Ware et al. [1996] . Kursinski et al. [ 1996] provide a statistical comparison of about 100 GPS/MET temperature profiles with global analyses between 10 and 25 km, where water vapor effects are minimal. GPS/MET is an all-weather system with global coverage, practically unaffected by clouds, precipitation, and aerosols. The system has the capability for seamless soundings of refractivity from orbit altitude to near the surface including top and bottom sounding of ionospheric electron densities (Figure 1 ). The system does not depend on radiosondes (except indirectly for water vapor retrievals as described below), and the instruments do not require calibration beyond the analysis described in this paper, thus providing long term stability important for climate variability studies.
To evaluate the radio occultation method for operational and research use, the experimental GPS/MET data must be carefully compared with data from independent sources. In this paper we compare more than 1200 GPS/MET neutral atmosphere soundings to correlative data sets including operational global analyses from the National Centers for Environmental Prediction (NCEP) and the European Centre for Medium-Range Weather Forecasting (ECM- 
Vertical Sounder (TOVS), the Halogen Occultation Experiment (HALOE), and the Microwave Limb Sounder (MLS) instruments.
Section 2 summarizes GPS/MET data collected to date, describes data processing, the retrieval of water vapor profiles from GPS/MET refractivity profiles and auxiliary temperature data, ionospheric correction techniques, and discusses the vertical and horizontal resolution of GPS/MET data. Section 3 provides a description of the correlative data sets. Section 4 presents two illustrative examples of GPS/MET profiles, to demonstrate the high vertical resolution of the tropopause and a retrieved water vapor profile. In section 5 we compare correlative data sets with each other and with the GPS/MET data. Section 6 discusses the statistical comparisons and the difficulties interpreting data collected close to the Earth's surface with the proof-of-concept instrument. Section 7 summarizes our results and discusses scientific uses of the data.
GPS/MET Data and Analysis
Here we summarize the experimental data and the occultation data analysis algorithms with emphasis on recent developments that have not been previously described in the literature.
Available GPS/MET Data
Figure 2 displays the number of occultations that were collected between April 1995 and February 1997. It can be seen that to date we have processed only a fraction of the roughly 70,000 GPS/MET occultations that have been collected and archived. Our analysis has focused primarily on four "prime times". During prime times, anti-spoofing (A/S) encryption of the GPS signals was turned off, and MicroLab-1 was oriented so that GPS satellites were occulted in the aft or anti velocity direction toward Earth's limb.
When A/S is turned on, which is the normal operational mode for GPS, the GPS instrument on MicroLab-1 tracks the L1 carrier phase with the same precision as under A/S-off conditions. The L2 data, however, are significantly noisier and require modified data analysis techniques. We are currently testing new processing strategies for A/S-on occultations that rely on added smoothing of the "L1 minus L2" data. These techniques appear to be performing well for a significant fraction of our data at altitudes below 30 km, and we are confident that a large fraction of the A/S-on data in the GPS/MET database will be processed to high accuracy in the near future. This paper, however focuses on A/S-off results from prime time 3 (October 12 to 27, 1995).
GPS/MET Data Processing Description
All data are analyzed with original software developed by the UCAR GPS/MET team and commercial software. Data are processed through several steps, and intermediate products, referred tt, as Level 0, 1,2, and 3 data, are created as described below.
The raw data transmitted by MicroLab-1 to the ground are called Level 0 data. After removal of packet communications headers and reformatting of the raw data, we generate Level 1 files containing GPS phase and amplitude time series. The next processing step removes phase changes due to satellite motion and clock drift from the data. To remove satellite motion, accurate GPS satellite and LEO positions and velocities are computed with the commercial precision orbit determination (POD) software "Micro- After satellite motion and clock errors have been removed from the phase observations, the resulting Level 2 files contain the excess phase delay of the GPS signal due to the atmosphere and ionosphere. Each Level 2 file contains one occultation, typically 4000 records of dual-frequency (L1 and L2) excess phase and carrier amplitude. Level 2 files also contain the LEO and GPS satellite positions and velocities that define the geometry of the occultation, and are needed to compute signal bending and location of the ray tangent point.
Next, atmospheric profile information is extracted from the Level 2 files in the following steps, described in more detail in sections 2. 6. Compute meteorological parameters from retrieved refractivity (using ancillary temperature data to retrieve water vapor in the lower troposphere).
Inversion of the Level 2 files results in profiles of atmospheric refractivity, density, pressure, temperature, and with ancillary temperature data, water vapor pressure. These Level 3 profiles are stored as a function of ray tangent point, longitude, latitude and altitude above the geoid. Note that GPS/MET atmospheric profiles, including pressure, are an independent function of geometric height, an important difference from the correlative data, which compute geopotential height from pressure observations. 2.2.1. Phase filtering, diffraction correction, and calculation of bending angles. Level 2 excess phase observations are lowpass filtered to reduce noise, and its effect on subsequent nonlinear processing steps like the Abel transform. The cutoff frequency of the filter is tuned to pass phase variations corresponding to vertical scales of 2 to 3 km in the stratosphere and approximately 200 m in the lower troposphere.
Bending angles are computed from the excess Doppler, based on the geometrical relationship of the wave vectors (e.g., ray directions) and the velocity vectors of occulted GPS and LEO satellites. This relationship is only valid for propagation of one ray, however. The complicated structure of the humidity field in the lower troposphere can produce strong refractivity gradients that can cause multipath propagation. The severity of multipath propagation depends on the observation geometry. The greater the distance from the ray tangent point to the LEO instrument, the stronger are multipath effects caused by atmospheric refractivity gradients.
The electromagnetic field affected by multipath propagation undergoes strong oscillations due to interference of different rays received by the LEO instrument. Numerical simulations with a thin phase screen model indicate that geometrical optics often fails to describe the resulting field, especially in the vicinity of caustics, The amplitude and phase measurements along the LEO orbit allow us to formulate the boundary problem for the Helmholtz equation describing the complex amplitude of the electromagnetic field in the occultation plane. Using the solution of the boundary problem in a vacuum, we reconstruct the ray structure of the received field close to the area which causes the multipath, and thus "disentangle" the multiple rays arriving simultaneously at the receiver.
Thus, by recalculating the field for an auxiliary plane located closer to the ray tangent point, but outside of the neutral atmosphere, we can greatly reduce the effect of multipath propagation. Our experience with the diffraction correction algorithm showed that almost all bending angle ambiguities were eliminated without the need for further smoothing.
In summary, application of the diffraction correction algorithm results in elimination of bending angle ambiguities, in improved vertical resolution, and it can affect temperature measurements in the lower troposphere by several degrees.
2.2.2. Ionospheric correction and optimization of bending angles. Calculation and removal of bending in the ionosphere is required for GPS/MET soundings of the neutral atmosphere. We apply a model independent ionospheric correction by forming a linear combination of L1 and L2 bending angles [Vorob'ev and Krasil 'nikova, 1994] . This correction, however, is not applied in the lower troposphere because the L2 data (which are transmitted from the GPS satellite at about -6dB lower power levels than L1) become very noisy in this region. Instead, an extrapolated difference of L1 and L2 bending angles is used for ionospheric correction during the last few seconds of each occultation.
Analysis of our data between 60 and 80 km (above neutral bending, but below the ionospheric E layer) shows that noise-like fluctuations, presumably due to ionospheric turbulence along the ray path, are not fully removed by the ionospheric correction. The magnitude of this residual ionospheric noise is different for each occultation, but for most occultations, it clearly dominates over measurement noiseø For A/S-off data, the mean magnitude of this residual bending angle noise is about 1.5 x 10 -6 radians. Under current ionospheric conditions this noise is mostly random and it is larger than bending due to the neutral atmosphere above 65 to 70 km. How best to deal with this noise depends on the final goal of the retrieval. For climate monitoring and research, one could average a large number of occultations to suppress the high frequency components of the noise. The resulting averaged bending angles can then be compared to bending angles calculated from climate models, or used directly for monitoring climate change and variability.
If the GPS/MET data are to be used for weather prediction, then the difference between the individual sounding and a mean atmospheric state is of interest. In this case, we may initialize the sounding at some high altitude (e.g., 100 km) with data from a reference atmosphere to minimize downward propagation of errors when applying the Abel inversion. Water vapor pressure can be derived from the retrieved GPS/ MET refractivity, using equation (1), if pressure and temperature are known. Because pressure, temperature and water vapor are related through the hydrostatic equation and the equation of state for moist air, water vapor pressure can be derived from refractivity if either pressure or temperature are independently known. In this case a simple recursive algorithm may be used to calculate T, P, and e from N and T or from N and P alone, starting at some upper level where e=0 and integrating downward. The water vapor profiles presented in this paper were computed in this way from GPS/ MET refractivity and NCEP analysis temperature.
Vertical and Horizontal Resolution of GPS/MET
As stated in the introduction, the vertical resolution of the current GPS/MET instrument is limited by diffraction and atmospheric inhomogeneities along the ray path. Melbourne et al. [1994] show that the size of the first Fresnel zone, and therefore the vertical resolution, ranges from 0.1-0.5 km in the troposphere to 1.5 km in the stratosphere. Diffraction correction, as applied in our analysis, allows improvement of the vertical resolution beyond the Fresnel zone limit, based on synthetic aperture principles [M.E. Gorbunov and A.S. Gurvich, submitted paper, 1997; Karayel and Hinson, 1997]. The level of this improvement, however, is difficult to quantify because of the effects due to horizontal atmospheric inhomogeneities.
As noted above, we assume locally spherical symmetry in the atmosphere to apply the Abel inversion. Thus, horizontal gradients in refractivity result in errors in the inversion. Based on the approximation of local spherical symmetry, this technique is incapable of resolving inhomogeneities with small horizontal scales. Refractivity perturbations located along the sounding ray perturb the reconstructed refractivity profile at the ray tangent point. Errors resulting from the nonsphericity of the atmosphere can only approximately be interpreted as horizontal averaging. More precisely they are related through complicated functionals that depend on the ratio of vertical to horizontal refractivity inhomogeneity scales [Gorbunov and Sokolovskiy , 1993] • Usually the characteristic horizontal resolution is estimated to be 300 km, which is the length of that part of a ray where more than half of the neutral atmospheric bending occurs. However, numerical simulations with a model of an idealized atmospheric front [Gurvich and Sokolovskiy, 1985] showed that the horizontal resolution can be reduced to 50-100 km in the case of a front with a large slope. In general, the smaller the vertical scale of a localized inhomogeneity, the better its horizontal structure can be resolved. Kuo et al. [ 1997] show that GPS/MET soundings can resolve the temperature structure of upper level atmospheric fronts with an accuracy and resolution comparable to radiosondes.
Simulations with the ECHAM3 Atmospheric General Circulation Model [Deutsches Klimarechenzentrum, 1994] showed that rms temperature errors of the Abel inversion due to horizontal inhomogeneities are less than 0.5øC in the 10 to 30 km altitude range. These errors can increase significantly below 10 km, even with field reconstruction with data from a system of 18 GPS and 100 LEO satellites. Errors result mainly from the highly variable horizontal structure of the humidity field that cannot be resolved even with GPS/MET soundings of 200 km spacing [Gorbunov et al., 1996 ].
It must be emphasized, however, that the errors due to the nonsphericity of the atmosphere are not inherent in the GPS/MET limb sounding method. They are only the result of using the Abel inversion technique. Application of this technique is useful for the current proof-of-concept experiment. However, for operational use, four dimensional data assimilation techniques, with direct assimilation of bending angles [Eyre, 1994] Finally, the cloud-cleared, regionally averaged, and bias-corrected radiance measurements are used for the simultaneous retrieval of temperature at 40 levels up to 0.1 mbar and humidity at 20 levels up to 100 mbar. The NCEP operational global model 12 hour forecast, interpolated to the observation time, is used as the first guess in the retrieval. Normally, the temperature retrieval is not very different from the first guess, and hence provides little new temperature information. In contrast, the humidity retrieval provides a significant amount of additional information about the atmospheric state.
TOVS
This study used TOVS data that were analyzed and provided to us by the National Environmental Satellite, Data, and Information Service (NESDIS). TOVS is composed of three radiometers: the High Resolution Infrared Sounder (HIRS/2), Microwave Sounder Unit (MSU) and Stratospheric Sounder Unit (SSU). The retrieval of temperature moisture and pressure from the radiance observations is described by Smith et al. [1979] . Cloud clearing was applied in the analysis of the TOVS data. Presently TOVS is the only data set that enters the NCEP stratospheric analysis. Under ideal conditions, however, it is possible to retrieve useful data close to the surface with the current instrument as shown in Plate 2. In the left side of Plate 2, the actual temperature was estimated from the GPS/MET refractivity using the NCEP water vapor pressure as ancillary data; this estimate is labeled rwe t. NCEP analyzed temperatures were used to compute the water vapor profile from the GPS/MET refractivity profile. GPS/MET refractivity measurements in moist layers provide valuable quantitative moisture information. It is likely that the calculation of water vapor pressure from observed values of refractivity and an independent estimate of temperature will be useful for climate studies and numerical weather prediction (NWP). The calculation of temperature from refractivity and an independent estimate of water vapor pressure is much more sensitive to small errors in water vapor pressure than is the calculation of water vapor pressure to small errors in temperature. Ware et al. [ 1996] , for example, show that water vapor pressure near Earth' s surface can be estimated within 0.5 mbar if the temperature is known to within 2øC. Temperature varies over larger horizontal and temporal scales in the atmosphere than does water vapor, is more easily measured, and hence is better resolved in operational analyses and model predictions. The present 6 hour forecast of temperature from a state-ofthe-art numerical weather prediction model has a typical temperature error of IøC [Eyre, 1994] within the specified spatial and temporal window are used. MLS All comparisons are made as a function of altitude. Geometric pressures are mapped to geometric altitudes by using the NCEP realtitude or height is the independent variable for GPS/MET data, lationship between pressure and height. For comparison of low verwhile pressure is the independent variable for radiosonde, MLS, tical resolution data such as MLS with higher resolution data, we TOVS, HALOE, and GOES data. NCEP and ECMWF analysis use a binning method. The bins, representing atmospheric layers, data and radiosondes are provided with pressures and correspond-bracket the lower resolution data. The higher resolution data are ining geopotential heights which are converted to geometric heights terpolated to the levels of the lower resolution data within each bin. for comparison with GPS/MET. We use linear interpolation for temperature and log-linear interpoFor MLS, TOVS, GOES, and HALOE data, geometric heights lation for refractivity, which changes exponentially with height. equation (1) that dry pressure is higher than total pressure when We computed refractivity and dry temperatures from the interpowater vapor is present. Dry temperature is then computed from re-lated sonde data and interpolated these profiles to the 200 m resofractivity and dry pressure under the assumption that no water va-lution of the GPS/MET data. por is present. This dry correlative temperature is lower than actual As shown in Plate 12, the mean difference between GPS/MET temperature, but it can be compared directly to GPS/MET dry tem-and radiosonde refractivities agrees to within 1% with 1 to 2% stanperatures. dard deviation from 2 to 25 km. The average difference of the dry We emphasize once again that GPS/MET refractivity need not temperatures agrees to better than 0.5øC from 2 to 28 km, with a be converted to temperature for assimilation into models. The pro-standard deviation of 2 to 3øC above 10 km. Below 10 km the stancess described here is for the sole purpose of validation and com-dard deviation of the dry temperature difference increases because parison.
of TOVS temperature data were available at 15 pressure levels from 922 to 0.6 mbar. TOVS moisture data were only available for three levels and were not used for this study. Because high-resolution moisture data were not available for TOVS, temperature comparisons were only completed above 10 km. As shown in Plate 15, GPS/MET and TOVS refractivities agree on average to within 1% from 10 to 44 km with standard deviations of 1 to 2% from 10 to 30 km. The temperatures agree to within 1 øC from 10 to 40 km on average, with a 2øC standard deviation. TOVS has a significant (up to 9øC) cold bias as compared to GPS/MET above 40 km, probably due to TOVS' lower resolution of the temperature maximum at the stratopause. 
Comparison of GPS/MET and HALOE soundings, shown in

Water Vapor Comparisons
GPS/MET water vapor profiles were computed as explained in section 2.2.3 and compared to water vapor computed from the NCEP analyses and from nearby radiosondes.
Here again, we computed the NCEP profiles for the times and locations of the GPS/MET soundings that occurred within the specified temporal and spatial match criteria. We then compared the NCEP water vapor profiles with the nearby radiosondes that were used for the GPS/MET comparisons (Plate 17). Therefore the NCEP and radiosonde comparisons are affected by the high degree of temporal and spatial decorrelation of water vapor.
The 
